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We report preparation procedures for some lithium and barium titanate compounds.
The procedures utilize inexpensive, commercial TiCly in an aqueous HCI solution.
The main preparation steps consist of chloride elimination by distillation with nitric
acid, addition of hydroxides of Li (or Ba), evaporation of sols to dry powders, and
thermal treatment to titanates. Thermal and X-ray analyses indicate that the
formation temperatures are lower than the corresponding temperatures necessary
for conventional solid-state reactions. These temperatures can be further decreased
by addition of ascorbic acid during formation of Ti nitrate sols. Spherical powders
(with particle diameters of <100pm) are obtained by solvent extraction of water from
sol drops emulsified in 2-ethylheksanol-1. Final correction of the composition of the
spherical powders is carried out by an impregnation process.

1. INTRODUCTION

Lithium and barium titanates have been extensively studied as materials for
advanced technologies, such as superconductors (LiTi2O4), tritium breeders for
fusion reactors (Li»T103), cathodes for Li-batteries (Li4Ti5012), and, e.g., capacitors
(BaTi03). All of these compounds were first fabricated by solid-state reaction of
oxides and/or metallic salts. Wet processing, especially sol-gel procedures, has been
applied successfully to synthesis some of them. Advantages of wet techniques derive

from precise compositional control and homogeneity on a molecular scale. After the



pioneering work of Mazdyiasni and coworkers! on synthesis of BaTiO3, many papers
have described sol-gel processes for titanate formation. The precursors have
generally been various organometallic compounds for Ba or Li and Ti substrates for
the Ti.216 Reports have noted that sol-gel-derived powders can allow for decreased
sintering temperatures. Problems associated with these methods include the high
cost of substrates® and deleterious formation of BaCOj3 during thermal conversion of
gels.7-10.13.14 Similar problems have been observed when Ba-Ti organic complexes
are thermally decomposed to BaTi03.691! Relatively few recent papers have
reported sol-gel synthesis of Li titanates (LigTiO3!% and Li4Ti501216).

A key question in processing titantes!7-31 is the source of titania. Titania
products are commonly derived from inexpensive commercial TiCly.? Wet processing
of commercial anhydrous TiCly with ethanol has been described®26 Another
possibility is dissolution of TiCly in water to form TiOCl,.%:18.30,31

We have developed!®20a process in which TiOg particles with diameters of
<100 pm were produced by a sol-gel process: a titania sol, TiO(OH); 3Clg 3, was
prepared by extraction of chlorides from a solution obtained by dissolving TiCls in
concentrated HCl. We used this sol to produce Li2TiO3, and observed a negative
influence of chlorides due to presence of the strongly electropositive Li ions.27:28 We
therefore settled upon use of dechlorination with nitric acid.2728 LisTiO3 could then
be synthesized at a temperature 400°C lower than that need when chloride sols were
used. This method differs from published processes!?-22:30 that involve precipitation
from an aqueous TiOClg solution with ammonia.

The goal of this work was to use concentrated Ti-O nitrate sols to produce
irregularly shaped and spherical particles of Li and Ba titanates. Moreover, a strong
complexing agent (ascorbic acid, ASC) was used to stabilize various sols. This
proprietary procedure (IChTJ) has been patented?® and successfully applied to
synthesis of materials such as hydroxyapatite,2? LiMn»04,32 and LiNixCoj_x09.33

2. EXPERIMENTAL DETAILS

A flowchart of the preparation procedures is shown in Fig. 1. Commercial TiCly
was introduced via pumping into concentrated HCl. Excess HCl was exhausted,
resulting in a solution of molar ratio Cl:Ti = 3 and high Ti concentration (=4 M). The
main preparation steps consisted of chloride elimination by distillation with nitric
acid (in Rotavapor equipment (Biichi, Switzerland)), addition of hydroxides of Li (or
Ba), evaporation of sols to dry powders, grinding, and thermal treatment to
titanates. Spherical gelled particles with diameters of <100 pm were produced by the
IChTJ variant!920 of the sol-gel process. In this process, powders were synthesized



by extraction of HyO from inorganic hydroxyl sol emulsion drops in ethylhexanol
(EH), following by thermal treatment. However, in this process, the Li:Ti molar ratio
decreased markedly because of .extraction of Li or Ba nitrate along with water. To
prepare a stoichiometric gel, we added an impregnation step:28 the required quantity
of MeOH solutions was introduced into gel microspheres that were placed into the
Rotavapor.
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FIGURE 1

Flowchart for preparation of irregularly shaped and spherical powders of Lior Ba
titanates by sol-gel processing

Thermal treatments were conducted in air. Gels and final powders were
characterized by: (1) thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) in a Hungarian MOM Derivatograph, for which the sample weight =
200 mg, heating rate = 10°C/min., atmosphere = air, and reference material = Al,Og3;
(2) X-ray diffraction (XRD) by Cu Ko radiation in a Philips Diffraction System; and
(3) scanning electron microscopy (SEM) in a Zeiss DSM 942.



3. RESULTS AND DISCUSSION

The processing procedures followed are summarized in Fig. 1. To avoid the sol
concentration step used in Ref. 19, we carried out distillation after adding every
portion of HNO3 to obtain volumes identical to the starting volume of TiCly
solutions. We found that complete removal of the Cl~ from each TiCly solution was
relatively easily accomplished, and required only five distillation steps. In
comparison, e.g., for processing SnCly to SnCl3 5, 13 distillation steps are required
for dechlorination (Fig. 2).19 Formation of stable polymeric colloidal titanic acid is
presumed to participate with bidentate nitrate ions in their formation and repulsion
of CI~ from the colloidal particles. We observed that if distillation temperature (due
to higher pressure) were higher (routinely we used 70°C), a white milky solution
became unstable and exhibited a tendency to agglomerate. The composition of the
final sol was =Ti0-3.5NO3 due to distillation of HNO3.
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Ratio of Cl- to metal ions vs. distillation
steps for Ti and Sn sols
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In the initial processing, in which the distillation temperature was 70°C, a white
milky appearing solution formed; it exhibited a tendency to agglomerate and form
sediments. We surmised that formation of stable colloidal titanic acid induced
repulsion of Cl~ from the colloidal particles. Following our earlier experience,2® we
added ascorbic acid (ASC) before the dechlorination step to prevent precipitation.
The resulting sols were transparent, pale yellow, and stable. During the
dechlorination steps, we observed decomposition and vigorous evolution of gas due to
oxidation of the ASC by the nitrates. For the Li titanates, the additional processing

steps for introducing the cations were as described previously.28
Some difficulties were observed if Ba2* compounds were added because of limited
solubility of Ba(NOg3)2. As a consequence, we chose to dilute the Ba(INO3)2 solutions
used. When Ba(OH)3, was used, heating to near boiling was necessary to maintain a

high concentration of the components.



3.1. Li12TiO3

Preparation of spherical particles of LisTiO3 has been described.28 As we
reported, of direct importance to fusion reactors, the sol-gel-derived materials
exhibited better tritium release than those produced by solid-state methods.
Thermal analyses of the irregularly shaped gel powders of LigTiO3 and LiNO3 are
shown Fig. 3. The endothermic event at =250°C can be attributed to melting of Li
nitrate. No exothermic events were observed, which indicates that the gels did not
contain organics. Figure 3 also contains thermal analyses of a gel of Li2TiO3 in
which ASC was introduced by impregnation. Strong exotherms associated with its
decomposition were observed. This result confirms our supposition that all of the
added ASC decomposed in the preparation step. For all compositions, decomposition
of nitrates was noted at =500°C as sharp decreases in weight, accompanied by a
distinct endothermic event. However, for the gels prepared with addition of ASC
(denoted ASCD), all of the ASC decomposed during dechlorination and weight loss
started at =300°C. This lower temperature can be attributed to evolution of OH
groups formed in reaction with ASC:

TiO(OH),-3.5N03-H20 + ASC = TiO(OH),+ -(3.5-y)NO3-H20-COsq .

Weight stabilization for both gels occurred at 600°C. XRD patterns of final products
from both types of gels materials were similar and represented crystalline LisTiO3
(Fig. 4).

3.2. LigTi5012

Thermal decompositions of 4Li-5Ti chloride (before dechlorination) and nitrate
gels are shown in Fig. 5. The TGA and DTA traces were roughly similar for those of
the titanates from Fig. 3. The final decomposition step connected with formation of
Li4Ti50;2 at =600°C seemed to have been shifted to slightly lower temperatures for
the ASCD gel. Samples of heated at 900°C consisted of crystalline LigTi5012 (Fig. 6).
In contrast, for chloride gel (as for LizTiO3),28 the final decomposition step was
observed =1100°C. At 900°C, the powder consisted of a mixture of TiOg (rutile and
anstase), LiCl, and various Li titanates.

The results confirm the effectiveness of the dechlorination procedure.
Electrochemical tests indicated that synthesized material has shown a very fast
kinetics toward the Li* intercalation-deintercalation reaction and high
thermodynamic reversibility. These properties positively affected testing of the
material, which underwent >100 cycles at high current density.



DTA[ s

TG
% m|*.,
10
20 i
30
40 '
Int. .i
50
60
70 b
0 (b))
%0 O S v (a) | i
0 Lo~ 15 30 45 80 75,
100 300 500 700 900
lemperature. °C 2 Theta ‘
FIGURE 3 FIGURE 4
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3.3 BaTiOg3

For preparation of barium titanates, a key was to maintain sols without
precipitation of Ba nitrates. Thermal analysis of various gels prepared with addition
of Ba nitrates and Ba hydroxide are shown in Fig. 7.

In all gels, two endotherms were observed. The first at =600°C can be attributed
to melting; the second can be attributed to decomposition of Ba nitrates.
XRD patterns of BaTiO3 gels heated to various temperatures are shown in Fig. 8. As
was observed for the Li-containing gels, addition of ASC promoted formation of the
desired crystalline phase. Nitrates were present at 500 to 570°C. At 600°C, all
nitrates were decomposed over a 2 h period and formation of crystalline BaTiOj3
began. As observed for the Li titanates, this process was more advanced for the ASC-
containing gels: the completely crystalline phase was formed after 24 h at 700°C.
The temperature of formation and crystallization are comparable to what has been
reported,>+7.9.12.11 gyen when metalorganic reagents2® were used.
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Following our success with production of medium-sized LigTiOg3 spherical
particles, we prepared particles by a similar method from the Ba-Ti OH-NOj3 sol. We
initially obtained Ba-Ti gel spheres of diameter 1-80 pm. However, we observed Ba
loss and a final MR of Ba:Ti=0.2. Consequently, as in our former work,28 we
successfully impregnated the gels with Ba(OH)y in a hot solution (90°C, 25 g Ba/L),
followed by vacuum drying, and final thermal treatment.



Following impregnation, we again obtained medium-sized spherical powders
(Fig 9), which we have not been able to find in the literature. Such free-flowing
powders should be useful in, for example, plasma-spraying techniques.19.20
According our best knowledge, only fine (diameter < 1pm?%23 and <10 pm?24) BaTiO3
particles have been obtained previously.

Thermal decomposition of the gels, before and after impregnation, yielded similar
results (Fig. 10). An exotherm at =300°C may have indicated formation of the
BaTiOg phase. During gelation in fresh ethylhexanol, nitrates appear to have been
extracted (together with Ba2*) by the solvent because melting and decomposition at
=600°C were not observed.
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FIGURE 8
XRD patterns of BaTiOg, (A) conventional gel and (B) ASC-containing gel, heated
to: (a) 500, (b) 570, (c) 600, (d) 800, and (e) 1000°C.

4. CONCLUSIONS
We conclude the following:

1. Formation of stable concentrated Ti-nitrate sols (>170 g of Ti/cm3) was favored by
presence of ASC.

2. Gels prepared from stable, transparent Ti-nitrate sols, in which ASC was
incorporated, formed crystalline titanate phases at lower temperatures than did
gels without this additive.

3. In contrast to Li-Ti-OH-NOj sols, preparation of Ba-Ti-OH-NOj sols required
special procedures because of limited solubility of Ba nitrate



FIGURE 9

SEM photomicrographs of BaTiO3 gels: (a) heated 20 h at 105°C, (b) and after
impregnation with Ba(OH)2 and heated under vacuum at 80°C for 15 min, and (c)
impregnated gel and fired at 1000°C for 1 h

"—B3Ti0 | after impregnation

100 300 500 700 900
°’C

FIGURE 10
Thermal analyses of spherical BaTiO3 gel
particles before and after impregnation



4. Stoichiometry was maintained during preparation of irregularly shaped powders
of titanates.

5. Correction of Me:Ti molar ratios during preparation of medium-sized spherical
particles by emulsion-extraction process can be effected by impregnation with
metal hydroxides.

6. No formation of metal carbonates was observed because of the very high acidity of
the parent sols.

7. Formation crystalline phases was easier than for solid-state processes and
comparable with other sol-gel techniques.

Acknowledgment
Work at Argonne National Laboratory was supported by the U.S. Department of
Energy, under Contract W-31-109-Eng-38.

REFERENCES
1) K.S. MAZDYIASNI, R.T. DOLLOFF, and J. SMITH, J. Am. Ceram. Soc. 52
(1969) 523.

2) P.P. PHULE and S.H. RISBUD, Adv. Ceram. Mater. 3 (1988) 183.

3) F. CHAPUT, J.P. BOILOT, and A. BEAUGER, J. Am. Ceram. Soc. 73 (1990)
942.

4) P.P. PHULE and S.H. RISBUD, J. Mater. Sci. 25 (1990) 1169.

5) M.Z. C.HU, G.A. MILLER, E.A. PAYZANT, and C.J. RAWN, J. Mater. Sci. 35
(2000) 2927.

6) M.C. CHEUNG, H.L.W. CHAN, and C.L. CHOY, J. Mater. Sci. 36 (2001) 381.

7 H.P. BECK, W. EISER, and R. HABERKORN, J. Euro. Ceram. Soc. 21 (2001)
687.

8) H.P. BECK, W. EISNER, and R. HABERKORN, J. Euro. Ceram. Soc. 21
(2001) 2319.

9) M. ARIMA, M. KAKIHANA, Y. NAKAMURA, M. YASHIMA, and M.
YOSHIMURA, J. Am. Ceram. Soc. 81 (1998) 3010.

10) J.TSAY and T. FANG, J. Am. Ceram. Soc. 82 (1999) 1409.

11) S. WADA, H. CHIKAMORI, T. NOMA, and T. SUZUKI, J. Mater. Sci. Lett. 19
(2000) 245.

12) H. SHIMOOKA and M. KUWABARA, J. Am. Ceram. Soc. 78 (1995) 2849.

13) S. KUMAR, G.L. MESSING, and W.B. WHITE, J. Am. Ceram. Soc. 76 (1993)
617.



- 14)

15)

16)
17)

18)

19)

20)

21)

22)

23)

24)

25)

26)
27)

28)

T. TAKEUCHI, M. TABUCHI, K. ADO, K. HONJO, O. NAKAMURA, H.
KAGEYAMA, Y. SUYAMA, N. OHTORI, and M. NAGASAWA, J. Mater. Sci.
32 (1997) 4053.

O. RENOULT, J-P. BOILOT, J-P. KORB, and M. BONCOEUR, J. Nucl.
Mater. 223 (1995) 126.

L. KAVAN and M. GRATZEL, Solid State Lett. 5 (2002) A39.

R.N. VISWANATH, S. RAMASAMY, K. SHANMUGAM, and R.
RAMAMOORTHY, J. Mater. Sci Lett. 14 (1995) 841.

K. KUDAKA, K. ITZUMI, and K. SASAKI, Am. Ceram. Soc. Bull. 61 (1982)
1236.

A. DEPTULA, J. REBANDEL, W. DROZDA, W. LADA, and T. OLCZAK,
Mater. Res. Soc. Symp. Proc. 270 (1992) 277.

A. DEPTULA, A.G. CHMIELEWSKI, and T.E. WOOD, Sol-gel ceramic beads
and bubbles-a historical perspective, modern fabrication and cost analysis, in:
9th CIMTEC Proc. 2000, Part D, ed. P. Vincenzini, Techna, Faenza, 1999,
p. 771. .

H. JUNG, J.Y. PARK, S.J. OH, H.K. PARK, Y.S. KIM, D.K. KIM, and J.H.
KIM, J. Nucl. Mater. 229 (1998) 203

J. FANG, J. WANG, S.C. NG, C.H. CHEW, and L.M. GAN, J. Mater. Sci. 34
(1999) 1943.

M. CHATTERJEE, M.K. NASKAR, and D. GANGULI, J. Sol-Gel Sci. Technol.
16 (1999) 143.

R. UEYAMA, M. HARADA, T. UEYAMA, T. YAMAMOTO, T. SHIOSAKI,
W.S. SEO, K. KURIBAYASHI, and K. KOUMOTO, J. Mater. .Sci.: Mater.
Electron. 11 (2000) 139.

A. DEPTULA, W. LADA, T. OLCZAK, M. LANAGAN, S.E. DORRIS, K.C.
GORETTA, and R.B. POEPPEL, Method of preparing of high temperature
superconductors, Polish Patent No. 172618, June 2, 1997

Y. ZHU, L. ZHANG, C. GAO, and L. CAO, J. Mater. Sci. 35 (2000) 4049.

A. DEPTULA, W. LADA, T. OLCZAK, A.G. CHMIELEWSKI, S. CASADIO, C.
ALVANI, and F. CROCE, Method of preparing of titanium dioxide and lithium
and barium titanates. RP Patent pending P 350 109.

A. DEPTULA, T. OLCZAK, W. LADA, A.G. CHMIELEWSKI, C. ALVANI, P.L.
CARCONI, A. DI BARTOLOMEO, F. PERDOMINICI, and S. CASADIO, J.
Mater. Sci. 37 (2002) 1.



29)

30)

31)
32)

33)

A. DEPTULA, W. LADA, T. OLCZAK, R.Z. LEGEROS, and J.P. LEGEROS,
Preparation of calcium phosphate coatings by complex sol-gel process, in:
Bioceramics, Vol. 9, Pergamon, Cambridge, 1996, p. 313.

J. WANG, J.Y. FANG, S.-C. NG, L.-M. GAN, C.-H. CHEW, X.B. WANG, and
Z.X. SHEN, J. Am. Ceram. Soc. 82 (1999) 873.

S.-J. KIM, S.-D. PARK, and Y. H. JEONG, J. Am. Ceram. Soc. 82 (1999) 927.
A. DEPTULA, T. OLCZAK, W. LADA, L. GIORGI, A. DI BARTOLOMEO, A.
BRIGNOCCHI, and F. CROCE, Thermal conversion of gels prepared by
complex sol-gel process (CSGP) from the Li*-Mn2*-CH3COO--NH4*-OH--H20
system to LiMn204 of electrochemical quality, CIMTEC Proc. 1998 Vol. L, ed.
P. Vincenzini, Techna, Faenza, 1999, p. 149.

A. DEPTULA, W. LADA, T. OLCZAK, F. CROCE, F. RONCI, L. GIORGI,
A. BRIGNOCCHI, and A. DI BARTOLOMEO, Mater. Res. Soc. Symp. Proc.
496 (1997) 347.



